We have extended our studies of angiosperm phylogeny based on a pair of duplicated phytochrome (PHY) genes, PHYA and PHYC. Phylogenetic analyses of sequences from 52 species yield unrooted gene networks in which all of the elements resolved in our previous analysis of 26 species appear. Amborella still emerges as the sister group of all other angiosperms. However, we cannot reject alternative rootings in which water lilies, either alone or in combination with Amborella, are basal.
Introduction
In two previous analyses we explored the use of a gene duplication in the phytochrome gene family, leading to PHYA and PHYC, in order to root the phylogeny of angiosperms (Donoghue and Mathews 1998; Mathews and Donoghue 1999) . Our first analysis of data from just 12 species resolved highly congruent gene subtrees, demonstrating the potential of the approach, but it lacked many potentially basal lineages. Sampling was improved in our subsequent analysis, and we obtained a more convincingly rooted species tree. However, many major clades within angiosperms were represented by just one (e.g., Chloranthaceae) or a few (e.g., monocots and eudicots) species. Here we report results of similar analyses of PHYA and PHYC sequences from nearly twice as many species.
Background
Phylogenetic analyses of phytochrome genes in green plants indicate that the phytochrome gene pair PHYA and PHYC diverged prior to the origin of angiosperms (Mathews and Sharrock 1997; Donoghue and Mathews 1998) . PHYA and 1 Author for correspondence; e-mail mathewss@missouri.edu. PHYC are found in most angiosperms examined (but see Howe et al. 1998; Lavin et al. 1998) and form well-supported clades (bootstrap values 190%) , indicating that they are evolving independently (Mathews and Sharrock 1997) . A single-gene lineage related to this pair is known from other seed plants (Mathews and Sharrock 1997; Mathews and Donoghue 1999) ; this gene lineage has diversified in conifers (Clapham et al. 1999; S. Mathews, unpublished data) and perhaps in other seed plants.
In most angiosperms, phytochrome genes occur as a small family comprising three to five members. The completely characterized phytochrome family of Arabidopsis has five members, PHYA through PHYE (Sharrock and Quail 1989; Clack et al. 1994) . Typical phytochrome coding sequences range from ca. 3.3 to ca. 4.1 kb and are interrupted by three introns, a structure shared by most land plant PHY (Cowl et al. 1994; Quail 1994; Wada et al. 1997) . Amino acid sequences inferred from the five Arabidopsis PHY are 46%-80% identical; PHYA and PHYC are 52% identical (Sharrock and Quail 1989; Clack et al. 1994) . The five encoded photoreceptors have both distinct and overlapping roles in photomorphogenesis. Phytochrome A (phyA) controls hypocotyl elongation, cotyledon expansion, and seed germination in response to prolonged farred irradiation; phyA also mediates responses to single pulses of far-red light or very low doses of red light (Whitelam and Devlin 1997) . Overexpression of phyC in transgenic Arabi-S42 INTERNATIONAL JOURNAL OF PLANT SCIENCES dopsis indicates that its photosensory specificity is distinct from that of phyA, being more closely similar to that of phyB, and that phyC has a capacity distinct from that of both phyA and phyB to enhance leaf expansion in white light (Qin et al. 1997) .
Our original analyses of sequences from 12 angiosperms resolved an unrooted network of two gene subtrees that shared eight identical components (Donoghue and Mathews 1998) . Many pertinent taxa (e.g., Piperales, Nymphaeaceae, Amborella) were not sampled, and the branch connecting the gene subtrees rooted each subtree near the highly divergent taxon Sorghum. Clades of eudicots and of Magnoliale aurales s ϩ L were resolved in both subtrees. Duplicate gene networks were more resolved than single-gene trees from analyses with outgroup sequences. These data were subsequently analyzed by Simmons et al. (2000) in a variety of ways: uncombined (sequences as terminals), combined (species as terminals) via "uninode" coding (see below), and combined with rbcL and 18S data. Simmons et al. (2000) obtained results very similar to those found by Donoghue and Mathews (1998) . For example, the PHYA and PHYC subtrees resolved in their analysis with outgroups are identical to those inferred from our analysis without outgroups. Their uninode matrix yielded a species tree identical to the PHYC subtree, and the rooting at Sorghum was retained when the phytochrome data were combined with rbcL and 18S nuclear ribosomal data (Simmons et al. 2000) .
Subsequently, we obtained and analyzed PHYA and PHYC sequences from 26 angiosperms (Mathews and Donoghue 1999) that represented most of the taxa previously suggested to be early diverging lineages. As in the analysis of 12 species, analyses of PHYA and PHYC singly with outgroups did not resolve the root (S. Mathews, unpublished data). But in the strict consensus of duplicate gene networks, both gene subtrees showed a basal split separating Amborella from all other angiosperms. The position of Amborella was strongly supported in both PHYA and PHYC subtrees (92% and 83% bootstrap support, respectively, for the remaining angiosperms). Austrobaileya branched next from the remaining angiosperms in the PHYA subtree, with moderate support (66% for the remaining angiosperms), whereas , or a clade inNymphaea ϩ Cabomba cluding all three taxa, branched next in the PHYC subtree. However, the remaining angiosperms were similarly resolved in the subtrees of the network that maximized identical components in the PHYA and PHYC subtrees (Mathews and Donoghue 1999, fig. 1 ). In both subtrees, winteroids were sister to Piperales in a magnoliid clade, and eudicots were united with monocot . Magnoliales and Laurales eis ϩ Chloranthus ther formed a clade (PHYA subtree) or were paraphyletic with respect to winteroid iperales (PHYC subtree). When data s ϩ P from PHYA and PHYC were combined (species as terminals), greater resolution was obtained. In the resulting tree, which was rooted along the branch to Amborella, Nymphaeales diverged first from the remaining angiosperms, followed by Austrobaileya (supported by bootstrap values of 80% and 86%, respectively, for the remaining angiosperms). The combined data also better supported (bootstrap values 160%) some of the clades that were resolved in the gene subtrees, including the magnoliid clade, and clades uniting winteroids with Piperales and Laurales with Magnoliales. Several other recent analyses (Parkinson et al. 1999; Qiu et al. 1999; Soltis et al. 1999; Doyle and Endress 2000; Graham et al. 2000; Soltis et al. 2000) have produced similar results.
Material and Methods
Our current analyses include both PHYA and PHYC sequences from 48 taxa, plus PHYA only from Tacca and PHYC only from Illicium, Lemna, and Pleea (table 1) . From Cabombaceae, we sampled PHYA from Brasenia but PHYC from Cabomba. Phytochrome loci were sampled using primers and protocols described previously (Mathews and Donoghue 1999) ; stepdown gene amplification protocols (Hecker and Roux 1996) with starting annealing temperatures of 60ЊC to 65ЊC were most effective. Fragments of exon 1 (1.2-1.4 kb) or of exons 1 and 2 and the intervening intron (1.6-1.8 kb) were amplified, cloned, and sequenced.
Each cloned sequence was aligned with all other available phytochrome sequences from land plants. The alignment was edited, and final data matrices of 3255 nucleotide sites from all four exons and of 1303 nucleotide sites from exon 1 were constructed using Se-Al (Rambaut 1996) . Three alignments were analyzed. In the first two alignments, sequences are terminals, whereas in the third, species are terminals. The first (3255 nucleotide sites) was a comparison of all duplicated and unduplicated sequences to infer a gene phylogeny. From this we determined whether newly obtained data altered the interpretation (of previous studies) that PHYA and PHYC are monophyletic gene lineages and that they diverged along the branch to angiosperms (e.g., Mathews et al. 1995; Mathews and Sharrock 1997) . The second alignment (1303 nucleotide sites) included only PHYA and PHYC sequences obtained from the species listed in table 1, which were analyzed to obtain an unrooted gene network of two gene subtrees. We used GeneTree (Page 1998) to identify optimal species trees compatible with most parsimonious gene networks inferred in analysis of the second alignment. Ten random starting trees were rearranged by alternating subtree pruning and regrafting and nearest neighbor interchange to find species trees into which the gene networks fit with the fewest number of duplications and losses (see "Discussion"). Equally good solutions were retained, and the steepest descent option was in effect.
If PHYA and PHYC are evolving independently, they can be combined to obtain a species phylogeny. In the third alignment (2606 nucleotide sites), species are terminals, and the data from each gene are concatenated. The PHYA from Brasenia and the PHYC Cabomba were combined in a single terminal, Cabombaceae, in this alignment. The root of the species phylogeny was positioned according to evidence from the gene networks inferred in analysis of the second alignment.
Parsimony analyses using PAUP* version 4.0b3a or 4.0b4a (Swofford 2000) comprised heuristic searches of 100 replicates of random taxon addition with tree bisection and reconnection (TBR) branch swapping. We used two character-weighting schemes, one in which characters were equally weighted and one in which third codon positions were assigned a weight of 0.75. Bootstrap values (Felsenstein 1985) were estimated in 100 replicates of heuristic searches with 10 replicates of random taxon addition and TBR branch swapping. We conducted analyses with and without the sequences from Ceratophyllum [CI] p 0.15 autapomorphies). Bootstrap percentages (from 100 replicates with the same search parameters, but using 10 random addition replicates) are shown above branches. Identical components in the PHYA and PHYC subtrees are labeled A through BB. because it is the only taxon in our data set for which there is evidence of multiple PHYA or PHYC (Mathews et al. 1995 ). In our current study, we have amplified just one of its two PHYA, and we could not fully explore its history in the absence of the other. If duplication in the PHYA lineage occurred before the origin of Ceratophyllum, the possibility exists of comparing paralogous rather than orthologous PHYA sequences.
Differences in the PHYA and PHYC subtrees that do not result merely from inadequate signal might result from (1) sampling error (in this case, either from inadequate taxonomic sampling or undetected paralogy), (2) different processes (such as functional constraints) acting on the characters, and (3) different branching histories of the sampled sequences (de Quieroz et al. 1995) . We used partition homogeneity tests (Farris et al. 1994 (Farris et al. , 1995 to determine whether processes affecting PHYA and PHYC might differ. Partition homogeneity tests were implemented with PAUP* using the same heuristic search settings as were used in the bootstrap analyses. Taxa from which a single gene was sampled were excluded from these analyses so that no species had half of its characters coded as missing. We used paired tests of specific tree topologies to assess whether conflicting branching orders were well supported by the data. Using the nonparametric Templeton test (Larson 1994) , implemented with PAUP*, we compared (1) the PHYA and PHYC subtrees resolved in the gene network that was inferred in analyses of the second alignment, (2) the PHYA subtree with sets of PHYA trees in which branching order was constrained to match individual nodes of the PHYC subtree, and (3) the PHYC subtree with sets of PHYC trees in which branching order was constrained to match individual nodes of the PHYA subtree. We also used the Templeton test to compare gene networks inferred in unconstrained analysis of the second alignment with those from analyses in which alternative rootings of the subtrees were enforced.
Results

Analyses in Which Sequences Are Terminals
Analysis of the 49 PHYA and the 51 PHYC sequences resulted in eight or two most parsimonious duplicate gene networks in unweighted or weighted parsimony analyses, respectively. The consensus trees from searches with and without weights are nearly identical, differing only with respect to the position of the Piperales in the PHYC subtree. In the consensus from the unweighted search, Piperales are united in a polytomy with eudicots and monocots. In the consensus of the weighted search, they are united with winteroids. Of the 10 shortest networks from both searches, one of the two inferred in the weighted search maximizes identical components in the two gene subtrees and is depicted in figure 1. All of the elements resolved in our analyses of 26 angiosperms appear in this tree. Amborella diverges first from the remaining angiosperms, followed by Nymphaeale and then by s ϩ Ceratophyllum in the PHYC subtree or by NymAustrobaileya ϩ Illicium phaeales and then by in the Austrobaileya ϩ Ceratophyllum PHYA subtree. As before, within the remaining angiosperms, a magnoliid clade is resolved in which Magnoliales (P) are sister to Laurales (M) and winteroids (J) are sister to Piperales (H), as are clades of monocots (F) and eudicots (G). However, a few elements are differently placed. For example, in the PHYA subtree, monocots (F) are sister to the remaining angiosperms. This conflicts with their position in the PHYC subtree and with our earlier results, which placed them as sister to the eudicots. Chloranthaceae (E) are also differently resolved, as sister to Magnoliale aurales (D) in the PHYC s ϩ L subtree or as sister to the magnoliid udicots in the PHYA s ϩ e subtree. In our analysis of 26 angiosperms, Chloranthaceae was represented by Chloranthus only and was sister to the monocots (Mathews and Donoghue 1999).
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In general, nodes that were well supported (bootstrap values above 70%) in the analysis of 26 angiosperms are also supported in analyses of the larger phytochrome data set. For example, Nymphaeales (C), Magnoliales (P), winteroids (J), and Piperales (H) are supported by bootstrap values of 87%-100% and monocots (F) by values of ≥73% ( fig. 1) . In some cases, additional sampling resulted in better resolution, as was the case with eudicots (G), which are now supported by bootstrap values of 92% and 99%, respectively, in the PHYC and PHYA subtrees (compared with 81% and 96%, respectively, in the analysis of 26 species). Laurales (M) are better supported by the PHYA data in the larger analysis, with a bootstrap value of 76% (compared with 57% in the analysis of 26 species), whereas support by the PHYC data remains high (100% in both analyses). The larger analysis supports the monophyly of the Chloranthaceae (E), with bootstrap values of 99% and 100%, respectively, in the PHYC and PHYA subtrees. The placement of the newly sampled Illicium PHYC with Austrobaileya PHYC is supported by a bootstrap value of 98%. In some cases, however, additional sampling resulted in decreased resolution. Specifically, the position of Amborella remains well supported in the PHYA subtree (bootstrap value of 88%, compared with 92% in the analysis of 26 species) but is less well supported in the PHYC subtree (bootstrap value of 57%, compared with 83% in the analysis of 26 species).
Exclusion of the sequences of Ceratophyllum has a marked effect on resolution of the early divergences in each subtree ( fig. 2) , but it has a limited impact elsewhere in the subtrees. In both subtrees, the position of Amborella is relatively well supported (82% and 74%, respectively, for the remaining angiosperms in the PHYA and PHYC subtrees). In the PHYC subtree, Nymphaeales diverge next from the remaining angiosperms, followed by (76% and 72%, Austrobaileya ϩ Illicium respectively, for the remaining angiosperms). In the PHYA subtree, Austrobaileya diverges next from the remaining angiosperms, followed by Nymphaeales (65% and 51%, respectively, for the remaining angiosperms). When Ceratophyllum is excluded, the PHYC subtree differs in placing Chloranthaceae (E) as sister to the remaining angiosperms. The PHYA subtree differs when Ceratophyllum is excluded because it places Chloranthaceae (E) as sister to the eudicots (G) and because Piperales (H), winteroids (J), and magnoliids (P) are paraphyletic with respect to eudicot hloranthaceae ( fig. 2 ). s ϩ C In both analyses, relationships within the eudicot clade are well supported in the PHYA subtree (nine of 11 clades with ≥70% bootstrap values). The subtree diverges into two principal clades, one of ranunculids (sensu Hoot et al. 1999) , in which Papaverales (V) are united with Ranunculaceae (S) ϩ ardizabalaceae (U), and one in which Nelumbo, Trochod-L endrales (W), and Pachysandra are paraphyletic with respect to the core eudicots (X) (figs. 1, 2). In the PHYC subtrees, the ranunculids do not form a clade, and Papaverales (V) are united with Lardizabalaceae (U). The latter relationship receives moderate (62%) or little (!50%) support in analyses that include or exclude (respectively) Ceratophyllum.
To assess the degree of support in the phytochrome data for alternative rootings, we compared networks rooted near Amborella with those resulting from nine searches with different constraints enforced. Individual constraint trees enforced rootings of both subtrees near Nymphaeale , Nyms ϩ Amborella phaeales alone, Austrobaileya, Magnoliales, Laurales, Piperales, Chloranthaceae, winteroids, or monocots. In paired tests, all of the networks resulting from constrained searches are significantly worse ( -0.0089 using the Templeton P ! 0.0001 test) than the shortest networks found in unconstrained searches, except for the networks constrained so that each subtree was rooted near Nymphaeales or near Nymphaeale mborella. Thus, all rootings other than those near s ϩ A Amborella or Nymphaeales, or near the two together, are rejected by the phytochrome data.
None of the conflicting nodes resolved by the PHYA and PHYC subtrees is supported above 50% in bootstrap analyses ( figs. 1, 2) . However, paired tests revealed that the PHYA data reject the PHYC tree and that the PHYC data reject the PHYA tree, regardless of whether Ceratophyllum is included in the analyses ( for both pairwise comparisons using the P ! 0.0001 Templeton test). Furthermore, partition homogeneity tests reject the hypothesis that the single-gene data sets are homogeneous (
). The latter result may reflect the fact that P p 0.02 PHYA apparently is evolving significantly faster than PHYC in most of the species sampled (S. Mathews, unpublished data).
We used constraint analyses to determine whether this conflict could be attributed to specific nodes of the subtrees. Specifically, we constrained three searches of the PHYA data such that in each, the resulting tree matched the PHYC subtree with respect to the placement of one of the following: (1) monocots, (2) Chloranthaceae, or (3) Ceratophyllum. Likewise, we constrained three searches of the PHYC data such that in each, the resulting tree matched the PHYA subtree with respect to placement of one of the same three taxa. The resulting sets of trees were compared with the PHYA and PHYC subtrees, respectively, from unconstrained analyses. None of the trees resulting from constraint analyses is rejected by the PHYA or PHYC data ( for all pairwise comparisons using the P 1 0.1 Templeton test).
Although we cannot attribute the conflict that we observed to any of the single nodes that we tested, the evidence that we obtained supporting significant conflict in more general tests might serve as an argument against combining data from the genes (e.g., Bull et al. 1993 ). Nonetheless, we conducted a combined analysis in order to compare the results with those obtained in gene tree parsimony analyses.
Analyses in Which Species Are Terminals
When Ceratophyllum is included, both weighted and unweighted parsimony analyses of the combined data resolved the same set of three most parsimonious trees, the consensus of which is depicted in figure 3. Basal relationships are poorly supported by bootstrap values (!50%) and differ in two ways from those resolved in the gene subtrees that included Ceratophyllum.
, rather than NymphaeAustrobaileya ϩ Illicium ales, diverge from the remaining angiosperms after Amborella, and Chloranthaceae diverge next. Nymphaeale eratos ϩ C phyllum are sister to the remaining angiosperms. This branching order is surprising because Nymphaeales branched before Austrobaileya in all PHYC subtrees and in some PHYA subtrees. Moreover, none of the subtrees resolved Chloranthaceae as diverging before Nymphaeales (e.g., figs. 1, 2). The remaining angiosperms are resolved as they were in the PHYC [CI] p 0.16 excluding autapomorphies). Bootstrap percentages (from 100 replicates with the same search parameters, but using 10 random addition replicates) are shown above branches. Identical components in the PHYA and PHYC subtrees are labeled A through DD. [CI] p 0.23 parameters but using 10 random addition replicates) are shown above branches. Components identical to those found in both PHYA and PHYC subtrees are labeled A through DD.
subtree of figure 1 and in Mathews and Donoghue (1999) . Overall, this result contrasts with results from our analyses of 26 angiosperms, in which combining the data led to better support for the earliest divergences as well as for some of the major clades (Mathews and Donoghue 1999) . Constraint analyses reveal that the tree from the combined data is rejected by the PHYA data ( using the Templeton test) but not P ! 0.0001 by the PHYC data ( ). P 1 0.3247 As in our analyses of the sequences as terminals, excluding Ceratophyllum from analyses of the combined data resulted in better resolution at the base of the tree (fig. 4) [CI] p 0.23 the same search parameters but using 10 random addition replicates) are shown above branches. Components identical to those found in both PHYA and PHYC subtrees are labeled A through DD.
sperms, then from . And, as in our Austrobaileya ϩ Illicium analyses of 26 angiosperms, the PHYA and PHYC subtrees without Ceratophyllum conflict with respect to the position of Austrobaileya ( fig. 2 ), but the combined data ( fig. 4 ) support the separation of Nymphaeales first (bootstrap value of 78% for the remaining angiosperms), followed by Austrobailey llicium (bootstrap value of 68% for the remaining a ϩ I angiosperms). In general, clades within the remaining angiosperms are supported at similar levels in analyses with and without Ceratophyllum. For, example, eudicots (G), Piperales (H), winteroids (J), Magnoliales (P), Laurales (M), and Chloranthaceae (E) are supported by bootstrap values ≥95%. However, a few clades are better supported when Ceratophyllum is excluded, including monocots (F), Magnoliale aurales s ϩ L (D), and Aristolochiales (bootstrap values of 87%, 72%, and 79%, respectively). Within eudicots, Nelumbo, Trochodendrales (W), and Pachysandra are paraphyletic with respect to the core eudicots (X), as in the PHYC subtrees, whereas the ranunculid clade differs from the PHYC subtrees in uniting Papaverales (V) with Lardizabalaceae (U), as in the PHYA subtrees (cf. figs. 1, 2) .
The heuristic search using GeneTree (Page 1998) to infer optimal species trees from the most parsimonious gene network depicted in figure 1 retained 64 trees, with a cost of 66 (14 duplications and 52 losses). The strict consensus of these trees ( fig. 5 ) is well resolved, and in contrast to results from combined analyses that included Ceratophyllum, this consensus is highly congruent with the gene subtrees (e.g., fig. 1 ). Amborella is sister to the rest of the angiosperms, and Nymphaeales diverge next from the remaining angiosperms, followed by a clade of with CeratoAustrobaileya ϩ Illicium phyllum. The remaining angiosperms occur in three major clades, a clade of eudicots (G), a clade of monocots (F), and a clade of magnoliids, in which Chloranthaceae (E) are sister to Magnoliale aurales (D) and winteroids (J) are sister to s ϩ L Piperales (H). Moreover, whereas the three clades are unresolved relative to one another, relationships within them are generally well resolved and are consistent with results from other data. In GeneTree analyses, the two gene subtrees are reconciled by inferring that a number of undetected duplica-S51 tions gave rise to paralogues that were not sampled or were lost (e.g., Page 1994) . However, a number of conflicts between the PHYA and PHYC subtrees are not well supported (see above) and likely result from causes other than undetected paralogy.
Discussion
The analyses presented here of PHYA and PHYC from many more taxa uphold most of the conclusions of our earlier phytochrome analyses and provide some additional insights. Amborella still appears to be the sister group of all other angiosperms. Notably, however, we cannot reject alternative rootings in which water lilies, either alone or in combination with Amborella, are basal. Austrobaileya still appears to be the sister group of the remaining angiosperms and is united with the newly sampled Illicium. Within the remaining angiosperms, eudicots and monocots form rather well-supported clades, as do Magnoliales, Laurales, Piperales, and winteroids. We find some support for a clade within which Laurales are united with Magnoliales and Piperales with winteroids. Interestingly, Aristolochia and Saruma are not united in the phytochrome trees, and in our larger analysis, at least in PHYA subtrees, monocots diverge first from the remaining angiosperms, followed by Chloranthaceae. Within eudicots we find support for a basal split between ranunculids (Ranunculales, Papaverales) and the rest, though the position of Nelumbo remains uncertain. Acorus is not sister to the rest of the monocots, as it is in some plastid phylogenies (Duvall et al. 1993) .
The use of duplicated phytochrome genes to infer angiosperm phylogeny is an important complement to recent analyses based on nuclear ribosomal and organellar DNA sequences. We have sampled protein coding nuclear DNA sequences, and our analyses do not depend on the inclusion of divergent outgroup sequences. The relationships at the base of the angiosperms that we describe above are basically the same as those resolved in analyses (with outgroups) of data combined from plastid, mitochondrial, and nuclear ribosomal genes (Parkinson et al. 1999; Qiu et al. 1999) . Moreover, many of the relationships among the remaining angiosperms that we find are the same. Unfortunately, as in Qiu et al. (1999) , the positions of eudicots, magnoliids, Chloranthaceae, and monocots are not well supported (bootstrap values !50%). Similarly, the position of Ceratophyllum remains equivocal. Our results imply that it diverged early rather than with monocots (as in Qiu et al. 1999) , but neither position is well supported.
Duplicate gene rooting, which seldom has been employed when outgroups are available (but see Sang et al. 1997; Telford and Holland 1997) , is likely to prove useful elsewhere. Singlecopy nuclear genes appear to be rare (Page 2000) , and gene duplications may have occurred along many branches of interest. However, to make the most of gene duplications, more attention to analytical issues is needed. Our previous discussion of duplicate gene rooting distinguished between a "reciprocal outgroups" and a "minimum events" interpretation (Donoghue and Mathews 1998) . Under the reciprocal outgroups view (see Doolittle and Brown 1994) , sequences of one of the gene copies are viewed as outgroups for the other, and vice versa, and a rooted species tree is derived by consensus of the two gene subtrees. In contrast, under the minimum events view, the best-rooted species tree is the one that minimizes additional duplications and losses, lineage sorting, and lateral transfer events in the gene tree (e.g., Donoghue and Mathews 1998, fig. 2 ; see discussion of gene tree parsimony in Slowinski and Page 1999) . In theory we prefer the minimum events interpretation, but we know of no algorithm to infer reconciled trees that deals simultaneously with the full range of events that might lead to incongruent gene trees and which also takes into account the underlying support for the gene tree. This is a difficult optimization problem, even if relative weights could be assigned beforehand to the different processes (Maddison 1997) . In the meantime, to partially implement the logic of the minimum events approach, we have used Page's (1998) GeneTree program to identify species trees that minimize gene duplications and losses. Weston (1994) provided yet another interpretation of duplicate gene rooting. This hinges on assessing the polarity of individual characters by determining the distribution of states across paralogous forms of a gene. If one nucleotide, for example, A, is universally present at a particular site in one form of the gene but there is variation at that site in the second form of the gene (e.g., A is found in some species and C in others), then the nucleotide present in both gene forms (A) is considered ancestral and the alternative state (C) derived. A polarized character implies that the root does not lie near species with the derived condition. Therefore, by assessing the polarity of each of the characters that vary across paralogous genes, it may be possible to infer a rooted species tree.
Regardless of interpretation, duplicate gene rooting allows the inference of a rooted species tree without inclusion of sequences from outgroups. Previously (Donoghue and Mathews 1998; Mathews and Donoghue 1999) we argued that this could be useful if outgroup sequences were so highly diverged from ingroup sequences that their inclusion would create long branch artifacts. In effect, a duplication occurring along the branch to the ingroup would bisect the long branch connecting the ingroup with outgroups ( fig. 6A, 6B ). However, as we also noted (Donoghue and Mathews 1998) , the impact of this bisection will depend on where along the branch the duplication occurred and on how rapidly the genes have evolved ( fig.  6B-6F ). If sequences evolve in a clocklike manner, the branch between two paralogues will always be shorter than the branch between a paralogue and an outgroup, though the difference may be slight depending on the time elapsed before the duplication ( fig. 6B, 6C ). In contrast, if evolution is not clocklike, there may be cases in which the branch that separates paralogues would be longer than the branch between one or both of the paralogues and the outgroup sequences ( fig. 6D ). Even when rates of evolution differ between paralogues, these rates still may be less diverged from one another than from outgroup sequences ( fig. 6E, 6F) . Clearly, the impact of excluding outgroups from analyses of duplicate genes is a complex function of when the duplication occurred and the rates of evolution. It is unclear at this time which of the patterns depicted in figure 6 will be encountered most often (cf. Li and Gojobori 1983; Goodman et al. 1987; Iwabe et al. 1996; Cronn et al. 1999) . But as the phytochrome analyses show, even when rates of divergence are high, duplicate gene rooting can provide valuable insight.
We also noted previously the need for more attention to be Fig. 6 The effect of duplication time and rates of nucleotide evolution on branch lengths between a pair of duplicated genes and outgroup sequences. Hatch marks indicate numbers of changes along branches ( ; 1 p paralogue 1; 2 p paralogue 2). a, Rooted tree of OG p outgroups one outgroup sequence and three sequences of one of the duplicated genes. b-f, Rooted trees of one outgroup sequence and six paralogous ingroup sequences resulting from a late duplication when evolution is clocklike (b), an early duplication when evolution is clocklike (c), an early duplication when evolution of the outgroup is slow relative to the paralogues (d), an early duplication when evolution of one paralogue is slow relative to the other paralogue and the outgroup (e), and a late duplication when the rate of one paralogue is high relative to the other paralogue and the outgroup (f).
paid to the treatment of unduplicated outgroup sequences in analyses of duplicated genes to obtain a rooted species tree (Donoghue and Mathews 1998) . Simmons et al. (2000) proposed "uninode coding" to combine unduplicated and duplicated sequences in a matrix in which species are terminals. After an initial analysis of all gene copies to establish the phylogenetic position of gene duplications, hypothetical ancestral sequences are reconstructed, each corresponding to ancestors at inferred duplications. A matrix is then constructed in which each species is scored for each form of the gene. A single duplication yields three forms of a gene-the unduplicated form and the two duplicated forms. Species with an unduplicated form are coded as having the hypothetical ancestral sequence for the two duplicated forms of the gene ( fig. 7A ). Species with two forms are coded as having the hypothetical ancestral sequence for the unduplicated form of the gene. A single binary character is added to reflect the duplication event, and the matrix is analyzed to obtain a species tree.
Uninode coding is designed to resolve the issue of including outgroups with unduplicated sequences when duplicate genes are combined for analysis. But in some cases it will not be appropriate, and in others it may not be the best of the available approaches. Simmons et al. (2000) noted that uninode coding should not be used if duplicate loci are subject to concerted evolution. Similarly, it seems inappropriate when other processes, such as duplication and loss, lineage sorting, and lateral transfer, have caused genuine and strong conflicts between duplicate gene trees. In these cases, which may be common in multigene families (Morton et al. 1996; Clegg et al. 1997) , approaches that do not involve data combination may be more appropriate (see de Quieroz et al. 1995) . In other cases, analyses that exclude outgroups will be useful for comparison with results from analyses in which artifacts are suspected to result from long branches (Felsenstein 1978; Kim 1996 ) that lead to outgroups.
In cases in which uninode coding does seem appropriate, there are other concerns. First, because it is a sequential procedure, final estimation of the species phylogeny may be based on erroneous assumptions (e.g., Maddison et al. 1984; Nixon and Carpenter 1993) . For example, if the initial gene tree is not well supported and/or the gene family is not well sampled, a uninode analysis may be built on erroneous inferences about hypothetical ancestors. Second, the use of hypothetical ancestors increases the number of polymorphic characters and taxa in uninode matrices, which may sometimes be problematic (e.g., Nixon and Davis 1991) .
There also are significant challenges involved in the construction of a uninode matrix. Simmons et al. (2000) asserted that the method could be generalized to cases in which there are multiple duplications, but their reanalysis of phytochrome data from Donoghue and Mathews (1998) failed to demonstrate this. Our analysis provided evidence of four gene duplications (Donoghue and Mathews 1998, fig. 3 ), as illustrated by the gene tree in figure 7B . Simmons et al. (2000) based their uninode analysis on just part of our tree, ignoring duplications leading to the two forms in seed plants and the additional forms within angiosperms (cf. Donoghue and Mathews 1998, fig. 3; Simmons et al. 2000, fig. 1b) . The sequences Simmons et al. (2000) , showing only a single gene duplication. b, Summary of the phytochrome gene phylogeny presented by Donoghue and Mathews (1998) , showing four gene duplications. Characters to reflect gene duplication events (Simmons et al. 2000) are omitted from the corresponding matrix shown here.
excluded from their analysis (e.g., PHYB, PHYD, and PHYE) might bear significantly on the reconstruction of hypothetical ancestors. Furthermore, Simmons et al. (2000) did not precisely indicate how species should be coded when a series of gene duplications are nested within one another (e.g., how angiosperms should be scored for PHY2 and PHY3 in fig. 7B ). Reanalysis of the data in Donoghue and Mathews (1998, fig.  3 ) should have included four hypothetical ancestors and eight gene forms ( fig. 7B) . A uninode matrix for the phytochrome sequences now available in GenBank would include at least 11 forms of the gene, since at a minimum, there are two copies in Adiantum, three in nonflowering seed plants, and three to five copies in angiosperms. In view of the uncertainty surrounding uninode coding when duplications are nested within one another, we have not presented a uninode analysis of our present data set. However, just as the uninode results of Simmons et al. (2000) were congruent with our previous analyses, our experiments with uninode coding have yielded results that are similar in all major respects to the results we report here based on combined analysis of PHYA and PHYC and on reconciled trees that minimize gene duplications and losses.
Conclusions
Our results provide insights into relationships at the base of the angiosperm tree and are an important complement to S54 INTERNATIONAL JOURNAL OF PLANT SCIENCES recent analyses based on nuclear ribosomal and organellar DNA sequences. They also imply that there may be diminishing returns in much more intensive sampling of PHYA and PHYC to resolve relationships among monocots, magnoliids, Chloranthaceae, Ceratophyllum, and eudicots. Instead, we expect phytochrome sequences to provide convincing resolution of more recent divergences (e.g., Mathews and Sharrock 1996; Lavin et al. 1998; Mathews et al. 2000; Simmons et al., in press ).
Our results also highlight the use of duplicate gene rooting, which is likely to prove useful elsewhere. Within the phytochrome gene family, other duplications may be useful for resolving relationships among seed plant lineages and within eudicots. But as we noted, more attention to analytical issues is needed in order to make the most of gene duplications in this way. Specifically, methods are needed to infer reconciled trees that simultaneously consider several different processes leading to incongruence (e.g., gene duplication and loss, lineage sorting) and that take into account the possibility that the underlying gene trees may be wrong or only weakly supported.
